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Many molecules exhibit multiple conformers that often easily interconvert under thermal conditions. There-
fore, single conformations are difficult to isolate which renders the study of their distinct chemical reactivities
challenging. We have recently reported a new experimental method for the characterization of conformer-
specific effects in chemical reactions [Y. P. Chang et al., Science 342, 98 (2013)]. Different conformers are
spatially separated using inhomogeneous electric fields and reacted with a Coulomb crystal of cold, spa-
tially localized ions in a trap. As a first application, we studied reactions between the two conformers of
3-aminophenol and Ca+. We observed a twofold larger rate constant for the cis compared to the trans con-
former which was rationalized in terms of the differences in the long-range ion-molecule interactions. The
present article provides a detailed description of the new method and a full account of the experimental results
as well as the accompanying theoretical calculations.
PACS numbers: 82.20.-w, 34.50.Lf, 33.15.-e, 82.30.Fi
I. INTRODUCTION
Many molecules possess multiple conformers (rota-
tional structural isomers) that interconvert with low en-
ergy barriers through hindered rotations about single
covalent bonds. It is well known that different confor-
mations can exhibit distinct chemical reactivities.1–3 To
gain a comprehensive understanding of the chemical be-
havior of molecules, it is thus necessary to investigate
their conformer-specific chemistry. To this end, individ-
ual molecular conformations need to be isolated and char-
acterized. Moreover, the capability to manipulate confor-
mational distributions provides means to influence reac-
tivities and products, adding to the repertoire of methods
to control chemical processes.
When studies of conformational effects are carried
out at low temperatures in the gas phase, the ther-
mal interconversion of conformations is suppressed. In
recent years, significant progress toward the spectro-
scopic characterization of specific conformations has
been achieved.4–13 For instance, studies of photoinduced
ground-state isomerization reactions mapped out inter-
conversion pathways between conformations, i. e., min-
ima on the corrugated potential energy surfaces.14–16
Investigations of the conformational landscape of small
molecules, e. g., poly-aminoacids, helped to understand
the folding motives in peptides.10
Unimolecular conformer-specific dynamics have been
investigated in the photodissociation of cations of small
a)Electronic mail: stefan.willitsch@unibas.ch
b)Electronic mail: jochen.kuepper@cfel.de
organic molecules.17–19 In these studies, individual con-
formers of cations were selectively generated capitalizing
on the different ionization energies of their parent neu-
trals. In addition, photodissociation studies on neutral
conformers of small organic molecules have been carried
out.20–22 In these studies, individual conformers were not
separated prior to photoexcitation. Consequently, the ex-
perimental results contained contributions from all pop-
ulated conformations. These were disentangled through
Rydberg tagging methods which allowed for resolving the
small energy difference between conformers manifested in
the kinetic energy release of H photofragments.
For bimolecular reactions in the gas phase only few
investigations of conformational effects have been re-
ported so far. Taatjes et al.23 observed conformer-
dependent reactivities from the simplest Criegee interme-
diate (CH3OO) which plays a key role in ozonolysis re-
actions. In a cryogenic matrix, Khriachtchev et al.24 ob-
served distinct conformer-dependent products from two
formic acid conformers reacting with oxygen atoms.
Several techniques for the manipulation of conforma-
tional distributions of molecules in the gas-phase have
been reported. Ion mobility allows the separation of
molecules according to their shape and thus serves as
a key technique to separate classes of conformers of large
charged molecules.25 For neutral molecules, the spatial
separation of specific conformers has been achieved us-
ing electric fields.26–28 While all conformers of a molecule
have the same mass, they often differ by their dipole mo-
ments. Different dipole moments lead to different Stark
shifts of rotational energy levels in electric fields. Thus,
in an inhomogeneous electric field different forces act on
the different conformers, which can be used for the ma-
nipulation of their translational motion.
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2Recently, we have adapted this technique to investigate
the chemical reactivities, i. e., rate constants, of specific
conformers in the prototypical bimolecular reactions of
3-aminophenol (3AP) and Ca+.29 3AP has two stable
conformers (denoted cis and trans) which differ in the
orientation of the OH group and have significantly dif-
ferent dipole moments (2.33 D and 0.77 D for the cis-
and trans-species, respectively). 3AP was entrained in
a molecular beam and spatially separated using an elec-
trostatic deflector. The dispersed molecular beam was
directed at a stationary reaction target consisting of a
Coulomb crystal of Ca+ ions, i. e., an ordered structure
of translationally cold ions at a temperature of a few mil-
likelvins in a trap.30 Singly ionized Ca ions were chosen
as a co-reactant because they can easily be Coulomb-
crystallized by laser cooling. Ca+ is also known for its
reactivity with organic molecules acting as a catalyst for
the activation of inert chemical bonds31,32 such as C-F
and C-O.33–35
In the present article, we give a detailed account of
our methods and results on the conformer-specific reac-
tivities of 3AP with Ca+. The outline of the paper is
as follows: section II and section III describe the exper-
imental setup and theoretical procedures employed. In
section IV, we present a characterization of the electro-
static deflection of the conformers, their reaction pro-
files, conformer-specific reaction rate constants as well
as mass spectra of the reaction products. An analysis
of the results based on theoretical calculations follows in
section V.
II. EXPERIMENTAL SETUP
The experimental setup consists of two main parts: a
molecular beam deflection apparatus for the separation
of 3AP conformers and an ion trap apparatus for the gen-
eration and storage of Coulomb crystals of laser cooled
Ca+ ions. The individual experimental procedures have
been reported previously.27,29,30,36,37 In the following, we
focus on the details of the combined apparatus and the
methodology for conformer-specific reaction experiments.
A. Conformer deflection setup
The molecular beam machine for conformer deflection
consisted of a series of differentially pumped vacuum
chambers. The source chamber housing a pulsed valve
was pumped by two 1650 l/s turbomolecular pumps. The
deflector chamber containing the electrostatic deflector
was pumped by a 500 l/s turbomolecular pump, as shown
in Figure 1 (a). A solid sample of 3AP (Sigma-Aldrich,
98 %) was placed in a reservoir cartridge and vaporized
at 145 ◦C inside a high-temperature Even-Lavie valve.38
The valve was operated at a backing pressure of 35 bar of
neon at a repetition rate of 600 Hz. The typical rotational
temperature of 3AP in our experiments was about 1 K.
Two skimmers with diameters of 2 mm and 1 mm were
placed 15 cm and 27 cm downstream from the nozzle,
respectively. After skimming, the collimated molecular
beam entered the 15 cm long electrostatic deflector.39–42
A cut through the electrodes of the deflector including a
contour plot of the generated electric field is shown in Fig-
ure 1. The vertical gap between the deflector electrodes
perpendicular to the molecular beam axis was 1.4 mm.
The shape of the electrodes was designed to generate a
strong inhomogeneous electric field with a nearly con-
stant gradient along the y axis.39,40 The molecular beam
passed a third skimmer with a diameter of 1.5 mm for
differential pumping into a chamber pumped by a 345 l/s
turbomolecular pump. Subsequently, the beam entered
the reaction chamber, pumped by a 550 l/s turbomolecu-
lar pump, through another differential pumping aperture
formed by a 3.5 cm long, 10-mm-diameter tube. Typi-
cal pressures during the experiments were 7 · 10−6 mbar,
9 · 10−8 mbar, and 2 · 10−9 mbar in the source, deflector
and reaction chambers.
B. Ion trap setup
In the reaction chamber, Coulomb crystals of laser-
cooled Ca+ ions were generated and trapped in a lin-
ear radiofrequency (RF) ion trap.30,37 Ca+ ions were
produced by non-resonant multi-photon ionization of a
beam of Ca atoms evaporated from an oven and passing
through the center of the ion trap,30,43 see Figure 1 (a).
The ion trap consisted of four segmented cylindrical elec-
trodes with a radius r = 4.0 mm arranged in a quadrupo-
lar configuration. To confine the ions in the plane perpen-
dicular to the trap symmetry axis, RF voltages with am-
plitudes V0,RF = 350 V and frequencies Ω = 2pi×3.1 MHz
were applied with opposite polarities across adjacent elec-
trodes. To confine the ions along the axis, static volt-
ages in the range of Vend = 1–10 V were applied to the
endcap electrodes. The atomic beam was ionized using
the third harmonic (355 nm) of a Nd:YAG laser close
to the center of the ion trap. The Ca+ ions were laser-
cooled with beams produced by two external cavity en-
hanced diode lasers operating at wavelengths of 397 nm
and 866 nm to pump the (4s) 2S1/2 → (4p) 2P1/2 and
(3d) 2D3/2 → (4p) 2P1/2 transitions, respectively,30 see
Figure 1 (c). The frequencies of the two laser beams
were simultaneously monitored using an automated fiber-
switcher coupled to a wavemeter and stabilized by a
computer-controlled voltage feedback loop. The result-
ing laser linewidths were on the order of a few MHz. The
laser powers employed were about 600 µW and 200 µW
for the 397 nm and 866 nm beams, respectively. Upon
laser cooling, the ions localized in space and formed three
dimensional spheroidal Coulomb crystals30,37 with a ra-
dius r ≈ 200 µm and a width z ≈ 550 µm typically
consisting of ∼ 700 ions. The secular kinetic energy of
the laser cooled ions amounted to Esec ≈ kB · 10 mK.
Two-dimensional cuts of the central plane of the Coulomb
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FIG. 1. (a) Schematic top view of the experimental setup for studying conformer-selected chemical reactions. See text for
details. (b) Electric field strength E along a cut through the electrostatic deflector. (c) Diagram of energy levels accessed
during Doppler laser cooling of 40Ca+.
crystals were imaged by collecting a solid angle of the
atomic fluorescence generated during laser cooling using
an enhanced CCD camera coupled to a microscope with
ten-fold magnification.
C. Reaction rate measurements
The first step in each reaction experiment consisted of
the formation of a Coulomb crystal. Subsequently, the
molecular beam valve was switched on to admit pulse
trains of deflected 3AP molecules to collide and react
with the spatially localized ions. Different parts of the
deflected molecular beam were directed at the stationary
Coulomb crystal reaction target by tilting the molecular
beam setup. Ions that reacted with 3AP formed product
ions which remained trapped, but were not laser cooled
and, therefore, did not fluoresce.44 These product ions
were sympathetically cooled by the remaining Ca+ ions
to form a dark shell around the crystal. The progress
of the reaction was monitored by observing the shrink-
ing of the bright fluorescing Ca+ core of the Coulomb
crystals as a function of time. Images of the crystals
were recorded every 30 s with a camera shutter time of
0.4 s over reaction times of typically 8 to 15 min. From
the recorded images, the number of unreacted Ca+ ions
as a function of time was determined from the crystal
volumes.44 Note that the 3AP molecules in the reaction
volume were replenished with each gas pulse. Therefore,
their number density was essentially constant during the
measurement time and the decrease of the number N(t)
of Ca+ ions in the crystal as a function of time t fol-
lowed pseudo-first-order kinetics. Pseudo-first-order re-
action rate constants k1 were determined at specific de-
flection voltages and deflection coordinates y according
to the rate law
ln
N(y, t)
N(y, t = 0)
= −k1(y)t. (1)
The deflection coordinate y is defined as the offset of the
deflected from the nominally undeflected beam at the
position of the Coulomb crystal. All measurements were
performed with the same power and detuning of the cool-
ing laser from resonance to ensure a constant and well-
defined population of all three electronic levels of Ca+
accessed during laser cooling (see Figure 1 (c)). The pop-
ulations of the relevant Ca+ states were determined from
a calibrated eight-level optical Bloch equation treatment
including the effects of magnetic fields.45
Reactions with residual background H2 gas in the ion
trap chamber also contributed to a removal of Ca+ ions
from the trap. The corresponding loss rates were mea-
4sured for each set of experiments following the same pro-
cedures described as above but without admitting the
molecular beam. The resulting values for the background
loss rates were subtracted from the measured rates in the
actual reaction experiments. We note that collisions with
the Ne carrier gas of the molecular beam did not lead to
any observable loss of Ca+ ions from the trap, as con-
firmed by control experiments with pure Ne beams.
D. Mass spectrometry of trapped ions
The ionic reaction products were analyzed using
resonant-excitation (RE) mass spectrometry of the
Coulomb crystals.37,45 Here, the motion of specific ion
species was resonantly excited by scanning the frequency
of an additional RF drive voltage (0.2–0.3 V) applied
to one of the trap electrodes. When the RF field was
resonant with the motional frequency of a trapped ion
species, the Coulomb crystal heated up. This lead to a
dislocation of the Ca+ ions from their equilibrium posi-
tion. RE mass spectra were recorded by slowly scanning
the excitation frequency while monitoring the increase of
the fluorescence yield in a region close to but outside the
normal extent of the Coulomb crystal. RE mass spectra
of multi-component crystals generally show broad peaks
that are shifted with respect to single-species crystals.46
The exact intensity and position of the features depends
on the scan speed, the drive amplitude, the scan direc-
tion and the crystal composition. Therefore, RE mass
spectrometry only allows an approximate determination
of the masses of the species present in a multi-component
Coulomb crystal.45
E. Molecular beam profile measurements
Spatial deflection profiles of 3AP were recorded in a
time-of-flight (TOF) mass spectrometer that replaced
the ion-trap apparatus. 3AP molecules were ionized
via resonance-enhanced two-photon ionization (R2PI)
by a frequency-doubled pulsed dye laser pumped by a
Nd:YAG laser with a repetition rate of 20 Hz. Pulses of
10 ns duration with an energy of approximately 0.4 mJ
were focused to a spot size of 240 µm in the interac-
tion volume. The molecular ions were mass-selectively
detected by their arrival time on a multi-channel-plate
(MCP) detector. cis- and trans-3AP were differenti-
ated through their distinct excitation wavenumbers of
34109 cm−1 and 34467 cm−1, respectively.47
III. THEORETICAL AND COMPUTATIONAL METHODS
A. DFT calculations of reaction paths on the ground-state
potential energy surface
Short-range ion-molecule interactions were investi-
gated computationally using density functional the-
ory (DFT) calculations. Stationary points along reac-
tion paths to two possible products were computed at
the DFT MPW1K/cc-pVTZ level of theory, using the
Gaussian 09 software suite.48–50 Transition state struc-
tures were calculated by a quadratic-singular-transit ap-
proach (QST-3),51,52 from energy-minimized Ca+-3AP
and Ca+-product-radical complexes and an initial transi-
tion state guess. To verify convergence to a saddle point,
the resulting transition state structure was distorted and
resubmitted as a starting point in a new QST-3 calcula-
tion for the transition state search. Basis set superposi-
tion errors were corrected using the counterpoise routine
provided in Gaussian 09.
B. Adiabatic capture theory
Long-range ion-molecule capture kinetics were mod-
eled using the adiabatic capture theory developed by
Clary and co-workers.53,54 The long-range interaction
potential V between an ion and a polar molecule was
approximated by the sum of the dominant charge-
permanent dipole55 and charge-induced dipole interac-
tions
V (R, β) = −qµD cosβ
R2
− q
2α
2R4
, (2)
where R is the distance between the ion and the center of
mass of the 3AP molecule, µD is its permanent electric
dipole moment, β the orientation angle of the molecular
dipole moment with the ion-molecule axis, q the charge
of the ion and α the scalar polarizability of 3AP. Using
the methods described in ref. 54, centrifugally corrected
and rotationally adiabatic potential energy curves for the
system Ca+ + cis-/trans-3AP were calculated for 3AP
rotational states with quantum numbers ranging from
j = 0 to j = 100 for R between 2 and 48 a0. The dipole
moments of 3AP were taken from ref. 56, the isotropic
polarizabilities were calculated at the DFT B3LYP/aug-
cc-pVTZ level of theory. Rotational-state-specific reac-
tion cross sections for j = 0 up to j = 15 were calculated
from a summation over all partial waves for which the
maximum of the centrifugally corrected potential energy
curve did not exceed the experimental collision energy.
Effective capture rate constants were calculated by mul-
tiplying the state-specific cross sections with the velocity
and the relevant state populations at the rotational tem-
perature of 3AP in the molecular beam.
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C. Molecular-dynamics simulations of Coulomb crystals
Fluorescence images and RE mass spectra of the
multi-component Coulomb crystals were simulated us-
ing molecular dynamics (MD) methods. MD simulations
were performed using a modified version of the Protomol
program package.57 Fluorescence images were simulated
from ion trajectories calculated by solving the classical
three-dimensional equations of motion of the ions in the
trap under the influence of laser cooling.37,58 To mini-
mize computer time, an isotropic friction force to emulate
laser cooling and the pseudopotential approximation for
the ion trap was used.30 RE mass spectra were simulated
following the methods described in Ref. 45, 46. Briefly,
the Coulomb crystals were offset from the central trap
axis by 20 µm at the beginning of the simulation and
allowed to relax. The Fourier transform of the time-
dependent total kinetic energy of the ions yielded the
frequency spectrum of the Coulomb crystal which is also
the experimental observable. The frequencies obtained
by this method were calibrated using a comparison of a
measured and calculated RE mass spectrum of a pure
Ca+ crystal. A correction factor of 0.92 was applied to
the calculated frequencies of each spectrum to achieve
optimal agreement with the experiment.
D. Monte-Carlo simulations of molecular beam profiles
The simulation of spatial deflection profiles has been
described in detail previously.36,59 Briefly, the electric
field E and its gradient (~∇E) were calculated using finite
element methods implemented in the COMSOL Multi-
physics program. Stark energy curves W (E) of the 3AP
quantum states and their effective dipole moments µeff
were calculated using CMIstark60 (see Figure 2). From
the electric fields and Stark energy curves, the molecu-
lar beam deflection profiles were calculated with libcold-
mol.36 Trajectories for molecules in individual rotational
quantum states were obtained by numerical integration
of the 3D equations of motion using a Runge-Kutta algo-
rithm. The initial conditions according to the parameters
of the molecular beam were sampled by a Monte-Carlo
approach, and every individual molecule was propagated
through a simulated beamline that includes all mechani-
cal apertures of the experimental setup.
The spatial deflection profile I(y, Trot) for an ensemble
of molecules at a rotational temperature Trot was cal-
culated from the single-quantum-state deflection profiles
Is(y) using
I(y, Trot) =
1
w
N∑
s=1
ws(Trot)Is(y). (3)
Here, N is the number of quantum states included in the
simulation and ws(Trot) = gMgnse(W0−Ws)/(kBTrot) is the
population weight for a given quantum state. W0 is the
field-free energy of the ground state and Ws the field-
free energy of state s. gM = 1 for M = 0 and gM = 2
otherwise. gns accounts for nuclear spin statistical weight
of the current state with gns = 1 for all rotational states of
3AP. The normalization constant is given by w =
N∑
s=1
ws.
IV. EXPERIMENTAL RESULTS
A. Deflection curves of 3AP
The density of each conformer in the deflected and dis-
persed molecular beam was measured by recording the
number of R2PI-ionized cis and trans conformers of 3AP
as a function of the deflection coordinate y. The mea-
sured conformer-selective deflection profiles are shown in
Figure 3, in which each data point represents the sig-
nal averaged over 1000 laser shots. When high voltages
were applied to the deflector, both conformers were de-
flected upwards. The deflection was considerably larger
for the more polar cis-3AP. For instance, for a deflec-
tor voltage of 7.5 kV above y = 6 mm a pure sample of
cis conformers was obtained (see Figure 3 (a)). The in-
sets in Figure 3 show that the fraction of cis-3AP in the
probed sample can be continuously tuned as a function
of y. At heights above the cut-off of the trans-3AP beam
profile, the density of the cis conformers is still compara-
ble to its density in the free jet, i. e., it is only decreased
to one fourth. When increasing the voltages to 13 kV
(Figure 3 (d)), cis-3AP was deflected so strongly that it
was essentially depleted from the detection region. As a
consequence, an almost clean sample of trans-3AP was
obtained.
Monte Carlo simulations of the deflection curves are
shown as solid lines in Figure 3. The simulations at an
initial rotational temperature of 1.1 K agree well with the
experimental profiles. In particular, the fractional inten-
sities plotted in the insets were reproduced by the simu-
lations (solid lines). The simulated profiles and the mea-
sured population ratios of the two conformers were used
for fitting conformer-specific rate constants from mea-
sured reaction rate profiles as described in the following
sections.
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For the simulated deflection profiles shown in Figure 3,
different rotational states j have different spatial distri-
butions according to their different effective dipole mo-
ments µeff. Figure 4 shows the simulated deflection pro-
files of individual states ranging from j = 0 to j = 8.
For each profile, the contribution of all jτ states weighed
with their relative thermal populations at the rotational
temperature of 1.1 K and their statistical weights were
included. Thus, the area underneath each j profile in Fig-
ure 4 represents the relative thermal population of each
j manifold at 1.1 K as well as their relative contribu-
tion to the reactions. Comparing the deflection profiles
of individual j states for the two conformers, profiles of
low j of cis-3AP exhibit significantly stronger spatial de-
flection than those of trans-3AP. However, for high j
states both conformers show similar deflection patterns
demonstrating the quickly vanishing dipole moment for
rotationally excited species and the need for very cold
molecular beams.28
B. Number density of 3AP
The absolute number density of 3AP in the molecu-
lar beam was derived by calibration against the reac-
tion N2O + Ca+ → CaO+ + N2. From measurements of
the pseudo-first-order rate constants for this reaction and
the reported value for the second-order-rate constant,61
the density of N2O molecules in the beam was deter-
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mined. The ratio of the experimentally determined first
order rate constant to the known second order rate con-
stant was equivalent to the time-averaged number den-
sity navg. For k1 = 4.30(4)× 10−3 s−1, measured with a
beam of 50 mbar of N2O seeded in 30 bar of Ne we ob-
tained navg(N2O) = 3.84(62)×107 cm−3. Assuming that
the number densities in the beam were proportional to
the partial pressures before expansion (for 3AP at 145 ◦C
approximately 10 mbar [62]), the 3AP density was esti-
mated to be navg = 7.7(12)× 106 cm−3.63
C. Reaction profiles and conformer-specific rate constants of
Ca+ +3AP
In Figure 5, the experimentally determined pseudo-
first-order rate constants k1,total are shown as a func-
tion of deflection coordinate y for four deflector voltages
Vdefl = 5, 7.5, 10 and 13 kV. Each data point in Figure 5
represents the mean of at least four individual reaction
measurements. The measured rate constants k1,total(y)
reflect both, the density distributions of conformers in the
deflected molecular beam ntrans/cis and the conformer-
specific second-order rate constants k2,trans/cis of the re-
action:
k1,total(y) = k2,cis ncis(y) + k2,trans ntrans(y) (4)
ntrans(y) and ncis(y) were determined as described in sec-
tions IVA and IVB. k2,cis and k2,trans were determined
from a global fit of (4) to the reaction-rate profiles in
Figure 5. The fit yielded the conformer-specific rate con-
stants k2,cis = 2.3(9)× 10−10 cm3 s−1, k2,trans = 1.1(4)×
10−10 cm3 s−1 and the ratio k2,cis/k2,trans = 2.1(5) within
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a 95% confidence interval. This fit also yielded the ro-
tational temperature of the molecules in the beam to be
1.1 K.
D. Variation of Ca+ electronic state populations
As described in section II B, Ca+ ions were constantly
excited during laser cooling so that collisions occurred
between 3AP and Ca+ in the (4s) 2S1/2, (3d) 2D3/2 and
(4p) 2P1/2 states. To study the effect of the electronic
excitation of Ca+ on the reaction rates, we varied the
Ca+ state populations by changing the detuning of the
cooling laser beam from the (4s)→ (4p) resonance while
optimizing the (3d)→ (4p) repumping laser detuning to
achieve the best cooling conditions. Figure 6 shows the
measured rate constants as a function of the (4p) state
population using an undeflected molecular beam of 3AP
molecules. From this set of measurements, the state-
specific rate constants k2 listed in Table I were derived
following the procedures outlined in Refs. 43, 45. The
TABLE I. Bimolecular rate constants k2 for reactions of Ca+
in its relevant electronic states with 3AP molecules in an un-
deflected beam.
Reaction channel k2 / cm3 s−1
Ca+ (4s) 2S1/2 + 3AP 2.66(44)× 10−11
Ca+ (3d) 2D3/2 + 3AP 2.69(45)× 10−12
Ca+ (4p) 2P1/2 + 3AP 1.91(32)× 10−9
Ca+ (4p) state population fraction
k 2
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FIG. 6. Conformer-averaged bimolecular rate constant k2 as
a function of the population in the Ca+ (4p) state. Error
bars represent the statistical 95% confidence interval. The
line represents a linear regression to the data.
rate constant for reactions out of the excited (4p) state
was found to be two to three orders of magnitude larger
than the rate coefficients for reactions out of the (4s) and
(3d) states. In the experiments reported in this paper, a
detuning of 47-56 MHz was used, yielding a population
of the (4p) level of 5− 10%.
Because of its large rate constant, this channel dom-
inates the reaction rates observed in the experiment
and the contribution of the other channels can be ne-
glected in good approximation. Thus, one can assume
that the conformer-specific rate constants determined
in section IVC only reflect reactions with Ca+ (4p).
Scaled to a state population of 100%, the conformer-
specific second-order rate-constants k2,cis = 3.2(13) ×
10−9 cm3 s−1 and k2,trans = 1.5(6) × 10−9 cm3 s−1 for
the reaction of cis-3AP and trans-3AP, respectively, with
Ca+ (4p) were obtained.
E. Mass spectra of reaction products
Figure 7 (a) and (b) show RE mass spectra before and
after a typical reaction, respectively. In the spectrum
of the pure Ca+ Coulomb crystal, Figure 7 (a), a single
peak at an excitation frequency of 140 kHz was observed.
This feature was also present in the RE mass spectrum of
the multi component crystal after the reaction and could
unambiguously be assigned to the excitation of Ca+ ions
with a mass of 40 u. The spectrum of the Coulomb crys-
tal after reaction showed two additional strong peaks at
120 and 165 kHz. The feature at lower frequency was
assigned to product ions. MD simulations for crystals
composed of 350 Ca+ and 325 heavier ions indicate that
the product ion mass is in the range of 50 to 60 u, sug-
gesting that the reaction products are CaOH+ (57 u) or
CaNH+2 (56 u). As discussed in detail in Refs.,
45,46 our
approximate simulation approach cannot be expected to
perfectly reproduce the observed peak positions and in-
tensities in the spectra as it is not a faithful representa-
tion of the complex processes leading to the signal mea-
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FIG. 7. Resonance-excitation mass spectra (upper traces) and
their molecular dynamics simulations (lower inverted traces).
(a) Top: experimental spectrum of a pure Ca+ crystal. Bot-
tom, dashed line: corresponding simulation using a crystal
with 675 ons. Solid line: simulated spectrum scaled by 0.92
along the frequency axis to match the experiment. (b) Top:
experimental spectra after a reaction time of 8 min with 3AP.
Bottom: scaled simulated spectra of crystals composed of 350
Ca+ and 325 heavy ions with mass 50 u (black), 57 u (red),
and 60 u (green).
sured in the experiments (see section III C). Nonetheless,
the MD simulations serve as a useful guide for the inter-
pretation of the mass spectra.
Based on the analysis of the ion trajectories obtained
in the MD simulations, the peak at ≈ 165 kHz was
assigned to a high-frequency excitation of Ca+ ions in
the combined potential of the trapping fields and the
product ions. The weak broad signal in the range from
60–100 kHz is indicative of the presence of even higher
masses, possibly arising from consecutive reactions of the
primary product ions with 3AP from the molecular beam.
V. REACTION MECHANISMS AND KINETICS
A. Reaction pathways on the ground-state potential energy
surface
According to Table I, the Ca+ (4p) state rate constant
is at least two orders of magnitude larger than those in
the (4s) and (3d) states, suggesting different reaction dy-
namics for these channels. The large values for the rate
constants obtained for reactions in the Ca+ (4p) state are
indicative of a capture process.64,65 In this case, the re-
action rate is limited by the rate of formation of the reac-
tion complex. Afterward, the reaction proceeds with near
unit efficiency. The kinetics of the reaction are then solely
controlled by long-range intermolecular interactions. For
reactions with Ca+ (4s) and (3d), however, the signif-
icantly smaller rate constants compared to the capture
limit are indicative of the existence of barriers on the
reaction path which limit the reaction rates.66,67 In the
next paragraphs, the possible roles of the different 3AP
conformations in these two types of situations are dis-
cussed.
While a high-level ab initio calculation for the poten-
tial energy surfaces of the excited channels is beyond the
scope of the present work, the results of the DFT calcu-
lations for the ground-state surface can nonetheless give
valuable insights into possible transition-state (TS) struc-
tures and reaction pathways. Figure 8 shows a schematic
potential energy diagram of stationary points and TS
of the Ca+(4s) + cis/trans-3AP reaction. The reactants
form the ion-molecule complex C1 in the entrance chan-
nel in which Ca+ is bound above the aromatic ring. From
C1, the reaction proceeds either by abstraction of OH or
NH2, yielding the ionic products CaOH+ and CaNH+2 ,
respectively. For the pathway leading to CaOH+ + 3-
aminophenyl radical, the reaction proceeds through TS-
CaOH. This TS was found to be identical for both con-
formers of 3AP as the OH group is displaced from the
aromatic ring towards the Ca+ ion. The resulting prod-
ucts are identical for both conformers. This pathway is
calculated to be exothermic by ≈ 0.3 eV (2320 cm−1).
For the second pathway, leading to CaNH+2 and
cis/trans-3-hydroxyphenyl radical, a TS structure TS-
CaNH2, analogous to TS-CaOH, was found. The Ca+
ion is coordinated above the aromatic ring and the amino
group is displaced out of the plane towards the ion. Two
different TS-structures for the two conformers of 3AP ex-
ist. They differ by the orientation of the OH-group with
respect to the amino group. Their energy difference was
calculated to be 76 cm−1. The conformational depen-
dence is preserved throughout the product channel, but
the energy difference between the two conformeric path-
ways is very small. The pathway leading to CaNH+2 is
calculated to be endothermic by ≈ 0.7 eV (5646 cm−1).
Under the present conditions, this second pathway is ex-
pected to be thermodynamically accessible only for reac-
tions with Ca+ in the excited (4p) and (3d) states.
The present DFT calculations predict that Ca+ in its
ground state reacts with 3AP to CaOH+ via a submerged
transition state, TS-CaOH in Figure 8, that is lower in
energy than the reagents. The energy profile along the
reaction coordinates is reminiscent of the situation in re-
lated abstraction reactions, e. g., Ca+ + CH3F33,44 or the
reactions of O atoms with alkenes.66,68 The present calcu-
lations predict the TS structure to be 1.2 eV lower in en-
ergy than the reactants. Comparing with the kinetics in
similar type of reactions as observed in Refs. 33, 66, 68, it
is difficult to see how the low-lying barrier in the present
case can lead to a rate constant for the Ca+ (4s) + 3AP
channel about two orders of magnitude lower than the
capture limit observed (see section IVD). Possible rea-
sons for this discrepancy could be an underestimation of
the barrier height by the current DFT approach or the
existence of additional barriers or dynamic constraints
that have not been accounted for. Overall, the present
calculations give no indication of a short-range reaction
mechanism that could explain the factor of 2 difference in
the observed rate constants for the reaction of cis/trans-
3AP with Ca+ in its ground state.
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surface. See text for details.
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B. Capture dynamics in the Ca+ (4p)+3AP excited channel
Figure 9 shows centrifugally corrected adiabatic poten-
tial energy curves for the reaction of Ca+ (4p) with cis
and trans-3AP in their j = 0 rotational states. In the
case of cis-3AP, the centrifugal barrier is more strongly
suppressed and reactive collisions proceed up to larger
maximum values Jmax of the total angular momentum.
For the collision energy of the present study (0.123 eV),
we find Jmax = 417 and 342 for the cis- and trans-
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FIG. 10. Capture rate constants of cis- and trans-3AP in the
rotational quantum state j = 0 as a function of the collision
velocity. The experimental collision velocity amounted to v =
900 ms−1.
conformers, respectively. Thus, in a classical picture, a
larger impact parameter bmax = Jmax/µv results for the
cis-conformer, with µ being the reduced mass and v the
collision velocity so that a larger reaction cross section
σ = pib2max is obtained for the cis compared to the trans
species.
As shown in Figure 10, the calculated capture rate
constants depend on the collision energy. Moreover, the
monotonic increase of rate constants with decreasing col-
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FIG. 11. State-dependent capture rate constants k for cis-
3-aminophenol. (a) Dependence on rotational state j(τ = 0)
for j = 0 to j = 15. (b) Dependence on the asymmetric-top
quantum number τ for j = 0 to j = 5. Lines are drawn to
guide the eye. See text for details.
lision energy is more prominent for the cis species with
the larger dipole moment. Therefore, the ratio of the re-
activity between the two conformers becomes larger for
smaller collisional energies. We also investigated the de-
pendence of the capture rate constants on the rotational
state of 3AP. As exemplified for the cis conformer at
the experimental collision energy in Figure 11 (a), the
capture rates slightly decrease as j increases. Since the
rotational temperature is about 1.1 K, about 90 % of
the 3AP population is confined to the rotational states
j = 1−5 for which the relative difference of the rate con-
stants is < 10 %. Figure 11 (b) shows the dependence
of the capture rate constant for the cis conformer on the
asymmetric-top quantum number τ . The dependence is
only weak over the range of states j = 0− 5.
By averaging over capture rate constants of all popu-
lated rotational states of 3AP at 1.1 K and for a colli-
sion energy of 0.123 eV, one obtains the effective capture
rate constants k2,cis = 2.7× 10−9 cm3 s−1 and k2,trans =
1.8 × 10−9 cm3 s−1 and their ratio k2,cis/k2,trans = 1.5.
These values are in good agreement with the experimen-
tally observed second-order rate constants for the reac-
tion with Ca+ in the excited (4p) state, see section IVD.
VI. SUMMARY AND CONCLUSIONS
We have presented a new method for the character-
ization of conformer-specific chemical reactivities. In a
proof-of-concept study, the two conformers of 3AP were
spatially separated in a molecular beam using the electro-
static deflector. Subsequently, the separated conformers
reacted with a stationary target of Coulomb-crystallized,
laser-cooled Ca+ ions. Second-order rate constants for
the reactions of the individual conformers with Ca+ were
obtained. The reaction rate for the cis conformer was
found to be a factor of two larger than that for the trans
conformer. A detailed analysis of the rate constants for
the individual electronic states of Ca+ showed that the
observed reaction rates are dominated by the reaction
of 3AP with electronically excited Ca+ (4p). The reac-
tion rates of 3AP with Ca+ in its (4s) 2S1/2 ground and
(3d) 2D3/2 excited states were found to be two to three
orders of magnitude smaller. CaOH+ and CaNH+2 were
identified as the likely reaction products by resonant-
excitation mass spectrometry.
The rate constant observed for the Ca+ (4p) reac-
tion channel was found to be close to the capture limit.
The difference in the reactivities of the two conformers
could be rationalized in terms of adiabatic-capture theory
in very good agreement with the experimental findings.
Within the capture picture, the increased reaction rate
for the cis conformer compared to the trans species is ex-
plained by the stronger ion-dipole long-range interaction
which results in a larger capture cross section. The small
reaction rates with Ca+ in its (4s) and (3d) states indi-
cate the existence of dynamic bottlenecks along the reac-
tion path. Preliminary DFT calculations for the reaction
of 3AP with Ca+ on the ground state potential energy
surface enabled a first characterization of possible reac-
tion pathways. However, more extensive computations
are necessary to elucidate the short-range dynamics in
all three reaction channels probed in the present experi-
ments.
We expect that the present technique of combining
electrostatic conformer selection with highly sensitive
Coulomb-crystal methods will enable the study of con-
formational effects in a range of ion-molecule reactions.
Electrostatic conformer separation is applicable to a vari-
ety of polar molecules as long as their conformers exhibit
appreciably different dipole moments. More advanced
techniques for the separation of molecular species and
individual quantum states using electric field manipula-
tion have been reported and could be implemented in
the current methodology.26,69–72 For the ionic reaction
partners, the generation of Coulomb crystals of sympa-
thetically cooled ions allows the study of a wide range
of atomic and molecular ionic species.30 Moreover, the
preparation of Coulomb crystals with molecular ions in
selected internal quantum states has been recently ac-
complished73,74 so that simultaneous studies of confor-
mational and state-specific effects are now within reach
for a wide range of ion-molecule reactions.
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